Background: Laccases, copper-based polyphenol oxidases, played vital roles in lignin and humus degradation as well as fruiting body formation and stress response. Sixteen putative laccase genes (Lacc1-Lacc16) were reported in the genome of white-rot fungus Ganoderma lucidum. Members in this multi-gene family usually had close inter-relationships and may vary in the roles contributing to functions. Identifying the interactions among multiple genes and thus the conjoined consequence to an activity was essential for systematically unraveling the molecular mechanisms of laccase and improving laccase activity.
Introduction

48
Laccases (benzenediol: oxygen oxidoreductases, EC 1.10.3.2), a group of copper-based 49 polyphenol oxidases, are among the most important extracellular enzymes secreted by white-rot 50 fungi (1). Laccases catalyze the reduction of molecular oxygen to water by using a wide range of 51 phenolic and aromatic compounds as hydrogen donors (2, 3, 4). Due to its substrate-broad and 52 eco-friendly properties, laccases have been of great interests for potential industrial application, 53 such as bioremediation (5, 6), dye decolorization (7, 8), food processing (9) and other 54 applications (10). A total of 16 putative genes (NCBI accession no.: AHGX00000000) were 55 identified in the genome of Ganoderma lucidum, one of white-rot fungi (11). 56 Laccases are encoded by a complex laccase multi-gene family (12). It is always diversified 57 of the relationship among the genes in multi-gene family associated with the same phenotypes. 58 Some may be in cooperation, some may be mutually exclusive, while others may be functionally 59 redundant (13). Previous studies have often focused on the association between each single gene 60 and phenotype (14), and have not been able to detect the combined effects of multiple genes. 61 Whereas, the phenomenon that no obvious phenotypic alterations are observed in the 62 morphology or biochemical parameters in single knock-out mutant (15) pointed out that missing 63 activity could be compensated by a redundant enzyme, and functions are presented as the results 64 of all gene-gene interactions. Therefore, investigating the interaction among genes and 65 phenotypes is instructive to fully understand the molecular mechanism of a function and 66 systematically regulate the expression. 77 correlation analysis were applied to track the relationship between the transcriptional level of 78 laccase genes and total laccase activity and to find important genes contributing to the total 79 laccase activity. Gene-activity network based on the Kendall's Tau correlation was then 80 constructed to compare the interaction differences induced by Cu 2+ among the genes and the 81 activity. This analysis elucidated the sixteen putative laccase genes' expression characteristics 82 and their contributions to laccase activity during the growth of G. lucidum, as well as provided 83 an exploratory strategy for identifying functional genes and for studying interactions of genes 84 within a multi-gene family. 
Results
143
Laccase activity assay. A laccase activity assay was conducted at different time points in G.
144 lucidum with or without Cu 2+ . The dynamic curve of laccase activity revealed a stimulating 145 effect of Cu 2+ supplementation on laccase secretion with a prolonged and higher enzymatic 146 activity peak (Fig. 1) . This effect was observed throughout the entire experiment; the laccase 147 activity on the fourth day was especially enhanced to 1.52-fold, up to 148 U/mL, and on the sixth 148 day, it was elevated 1.86-fold, up to 165 U/mL, compared with the control.
149
Gene expression and statistical analysis. The gene expression profiles with or without 150 Cu 2+ from the 4 th day to the 14 th day were quantitatively detected with qPCR using gene-specific 151 primers (Table S1 ). Time series monitoring of the control and Cu 2+ groups indicated that all 16 153 different conditions (Fig. S1 ). The high percentage of genes with altered transcriptional 154 responses to Cu 2+ revealed a complex regulation mechanism that may be related to the sensitivity 155 of the laccase gene family to Cu 2+ . Some transcripts, including Lacc4, Lacc7, Lacc11, Lacc14 156 and Lacc16, were minimally expressed in both the control and Cu 2+ groups, whereas Lacc8 was 157 the most active gene in that it expressed at every developmental time point. The transcription 158 level of Lacc8 was not only higher than that of the other genes in the control condition but also 159 increased to 2.97-fold with Cu 2+ . 160 PCA, an unsupervised multivariate analysis method, was applied to track and compare the 161 changes of the gene composition structures of the two groups with time. As shown in Fig. 2 , by 162 day four, the gene composition structures of the two groups differed and followed dissimilar time 163 trajectories but ended at almost the same location on the 14 th day, suggesting similar gene 164 compositions by this time point. On the 14 th day, both groups had the lowest extracellular laccase 165 activities in their time courses and there was no significant difference between the two values. Of 166 note, the gene compositions of the control group on the sixth and eighth days were very similar, 167 but their laccase activities differed nearly 4-fold (17.38 U/mL, 68.16 U/mL, respectively). It 168 supposed that the increased extracellular enzymatic activity on the sixth day was due to some 169 laccase genes with low concentrations or by other undetected enzymes.
170
Though we could not rule out the possibility of the existence of other undetected enzymes, 171 PLS regression models were used to describe the total extracellular laccase activity with the 16 172 measured gene expression levels, with the assumption that the majority of the total extracellular 236 genes and their interactions, was observed in this study as others found in Pleurotus ostreatus 237 (32) and Trametes pubescens (16). These laccase genes were differentially expressed under Cu 2+ 238 stress. Although it is not completely understood how copper regulates laccase transcription in 239 detail, in many cases, it is supposed to be associated with the putative metal-responsive elements 240 (MREs) in the laccase promoter regions (31). In this study, we observed a similar interesting 241 phenomenon as well that there was no MRE in the promoters of Lacc8, Lacc14 and Lacc16 (Fig.   242 S2) , which correlated to the laccase activity positively in the control group but showed no 243 relation in the Cu 2+ group. This may be another evidence to state that MRE is important for 244 binding protein for laccase complex formation (33) . No matter what the detailed regulation 245 mechanism of Cu 2+ is, the different expression suggested that in a practical application, the 246 focused genes should be changed under different conditions. For example, under normal 247 circumstances, we should aim to improve the expression of Lacc8, Lacc13, Lacc14 and Lacc15 248 to increase the laccase activity, while with the presence of Cu 2+ , we should turn our attention to 249 Lacc3，Lacc10 and Lacc13.
250
For Lacc1 and Lacc6, which showed no correlation with laccase activity in both group with 251 relatively high transcript abundance (Fig. 4) , may be involved in other physiological functions, 252 such as fruiting body formation (34), stress response on diverse environmental challenges (35), 253 or pathogenesis (36). In addition, due to the direct or indirect correlation with each other in both 254 groups, Lacc1 and Lacc6 were suggested to play a role in synergy.
255
Conclusions
256
Network-based methods were applied to identify key functional genes and to outline 257 associations among genes and phenotype in a multi-gene family. This is an exploratory strategy 258 to describe the transcriptional complexity of laccase and its relevant responses to Cu 2+ stress. An 259 interaction network in laccase multi-gene family was constructed to illustrate the relationship 260 between two genes or gene-activity. The identified key functional genes associated with laccase 261 activity (e.g. Lacc10, Lacc13) and the associations among genes and activity will help for the 262 construction of high-yield laccase strains. 
